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Heat stressStress induces various responses, including translational suppression and tRNA degradation in
mammals. Previously, we showed that heat stress induces degradation of initiator tRNAMet (iMet)
through 50–30 exoribonuclease Xrn1 and Xrn2, respectively. In addition, we found that rapamycin
inhibits the degradation of iMet under heat stress conditions. Here, we report that the mammalian
target of rapamycin (mTOR) regulates the diffusion of Xrn2 from the nucleolus to the nucleoplasm,
facilitating the degradation of iMet under conditions of heat stress. Our results suggest a mechanism
of translational suppression through mTOR-regulated iMet degradation in mammalian cells.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Eukaryotic cells possess mechanisms that respond to environ-
mental stresses, including heat, oxidation, and nutrient starvation.
The major stress-response mechanisms include DNA damage
repair, cell-cycle arrest, and translational suppression [1,2]. The
upregulation of heat shock factors, modiﬁcation of speciﬁc pro-
teins, formation of stress granules (SGs) and nuclear stress bodies,
and modulation of RNA metabolism and translocation are impor-
tant components of the stress response [1–4].
Transfer RNA (tRNA) is a fundamental component of the trans-
lation machinery that plays a key role in modulating translation
during cellular stress. For instance, non-methionine-tRNAs (e.g.,
tRNALeu) are aminoacylated with methionine in HeLa cells under
conditions of oxidative stress. The subsequent increase in mis-
charged tRNAs leads to the misincorporation of methionine during
protein synthesis [5]. Moreover, tRNA fragments are produced by
the endonuclease Rny1 in response to nutrient starvation and oxi-
dative stress in yeast [6,7]. In mammalian cells under oxidative
stress, tRNA fragments (tiRNAs) generated by angiogenin (ANG)
endonuclease suppress global protein translation [8–10]. In
addition, tiRNAs trigger the assembly of stress granules, which
transiently store untranslated mRNA–protein complexes in U2OScells [11]. The formation of SGs is an important mechanism by
which cells reprogram translation to survive in adverse conditions
[12].
The activation of Rny1 in yeast and ANG in mammalian cells is
important for oxidative stress-induced tRNA degradation. Vacuolar
Rny1 is segregated from cytoplasmic tRNAs in the absence of stress
[7]. The exposure of yeast cells to oxidative stress results in the
translocation of Rny1 and other vacuolar proteins into the
cytoplasm, allowing them to access cytoplasmic tRNAs [7]. ANG
is primarily localized in the nucleus under growth conditions
[13]. Nuclear ANG stimulates rRNA transcription and cytoplasmic
ANG is inhibited by ribonuclease/angiogenin inhibitor 1 (RNH1)
[13]. In HeLa cells that are stressed with sodium arsenite, ANG
translocates from the nucleus to the cytoplasm and accumulates
in the SGs that are not associated with RNH1 [13]. Thus, after its
change in localization, ANG can contribute to tiRNA production.
In an earlier study, we reported the speciﬁc degradation of ini-
tiator tRNAMet (iMet) by the exonucleases Xrn1 and Xrn2 in HeLa
cells under heat stress [14]. Because rapamycin inhibited iMet
degradation under heat stress, we speculated that the mammalian
target of rapamycin (mTOR), a rapamycin-binding protein, regu-
lated the degradation of iMet in heat-stressed HeLa cells [14].
We wondered which factors contribute to the activation of Xrn2
under conditions of heat stress. In this study, we demonstrated
that heat stress induced the diffusion of Xrn2 from the nucleolus
to the nucleoplasm, suggesting that heat stress increased the asso-
ciation between Xrn2 and iMet. Importantly, mTOR knockdown
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ditions. Our results indicate a translational-suppression mecha-
nism involving mTOR-regulated iMet degradation in mammalian
cells under heat stress.
2. Materials and methods
2.1. Cell culture conditions
HeLa cells were maintained in RPMI1640 medium containing
10% fetal bovine serum (FBS; BioWest, France) and antibiotic-anti-
mycotic (GIBCO) at 37 C in an atmosphere of 5% CO2. Heat stress
was inﬂicted by incubating the cells in a 43 C water bath for 0–6 h.
2.2. Immunocytochemistry
Immunocytochemistry was performed as described previously
[14]. Mouse monoclonal anti-nucleolin (dilution 1:1000) and
rabbit polyclonal anti-Xrn2 antibodies (dilution 1:2000) were pur-
chased from Abcam. Alexa 594- and Alexa 647-conjugated second-
ary antibodies were purchased from Invitrogen, and 40,
6-diamidino-2-phenylindole (DAPI) was obtained from Dojindo.
The stained cells were examined using a confocal microscope
(FV-1000; Olympus).
2.3. siRNA treatment
To knock down mTOR, we used mTOR siRNA1 (sense sequence:
GAG AAG AAA UGG AAG AAA UUU; antisense sequence: AUU UCU
UCC AUU UCU UCU CUU) and mTOR siRNA2 (sense sequence: GUG
CUG AAA UGC AGG AAU AUU, antisense: UAU UCC UGC AUU UCA
GCA CUU) purchased from Thermo Fisher Scientiﬁc. HeLa cellsFig. 1. Xrn2 diffuses into the nucleoplasm in response to heat stress. (A) The localizat
indicated times was monitored using immunoﬂuorescent staining. Nuclear DNA was stain
had Xrn2 strongly localized in the nucleolus (pink), distributed within the nucleus (y
performed and the results were averaged (number of cells analyzed > 200). Scale bar = 1were transfected with 10 nM siRNA by using Lipofectamine RNAi-
MAX (Invitrogen) for 24 h at 37 C in an atmosphere of 5% CO2. The
following day, the cells were replated and then cultured for 24 h.
2.4. Northern blot analysis
HeLa cells transfected with non-targeting siRNA (siControl) or
the mTOR-speciﬁc siRNAs (siTOR) were treated with an RNA poly-
merase III inhibitor (50 lM; Merck) at 43 C for 0–6 h. The cells
were suspended in RNAiso (TaKaRa) for total RNA extraction
according to the manufacturer’s instructions. Northern blot analy-
sis was performed as previously described [14]. RNA was detected
using a 50-end [c-32P]-ATP-labeled oligonucleotide probe, and the
blot was scanned using a FLA9000 imaging analyzer (Fujiﬁlm).
The sequences of the probes used in this study were as follows:
50-GCA GAG GAT GGT TTC GAT CCA TC-30 for the detection of iMet
and 50-CAG GGT GGT ATG GCC GTA GAC-30 for the detection of 5S
rRNA. Band intensities were quantiﬁed using Multi Gauge software
(Fujiﬁlm). Three independent replicates were performed and the
results were averaged.
2.5. Western blot analysis
After HeLa cells were transfected with speciﬁc siRNAs (siControl
or siTOR) for 24 h, the cells were provided with fresh medium
containing 10% FBS and then cultured for 24 h. HeLa cells transfec-
ted with speciﬁc siRNAs were then incubated at 43 C for 0–6 h.
The cells were suspended in cell lysis buffer [50 mM Tris–HCl pH
7.6, 150 mM KCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, and protease inhibitor cocktail (Merck)]. Protein
concentrations were measured using the Bio-Rad Protein Assay
kit (Bio-Rad). Cell lysates containing 10 lg of protein wereion of the 50–30 exoribonuclease Xrn2 in HeLa cells exposed to heat stress for the
ed with 40 ,6-diamidino-2-phenylindole (DAPI). (B) The proportion of total cells that
ellow), or not localized to the nucleolus (blue). Two independent replicates were
0 lm.
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phoresis and blotted onto polyvinylidene diﬂuoride membranes
(Millipore). Blots were probed using the following primary anti-
bodies: anti-mTOR (dilution 1:1000, Cell Signaling), anti-Xrn2
(dilution 1:2000, Abcam), or a-tubulin (dilution 1:1000, Cell
Signaling). The membrane was washed and incubated with horse-
radish peroxidase-conjugated secondary antibodies (Millipore),
and the target proteins were detected using a LAS4000mini imag-
ing analyzer (Fujiﬁlm) or C-DiGit Western blot scanner (LI-COR).
Band intensities were quantiﬁed using the Multi Gauge program
(Fujiﬁlm) or image studio (LI-COR).
3. Results
3.1. Heat stress-induced translational suppression
To determine whether overall translation was suppressed at
43 C, the cells were pulse-labeled with L-[35S]methionine.
L-[35S]methionine incorporation was decreased by 30% under
conditions of heat stress (Supplementary Fig. 1). This result shows
that heat stress induced translational suppression.
3.2. Nucleolus-localized Xrn2 diffuses into the nucleoplasm upon heat
stress
Xrn2 is localized within the nucleus including the nucleolus
under normal culture conditions [15,16]. In our previous study,Fig. 2. Degradation of iMet in mTOR-silenced cells under heat stress. (A) The efﬁciency
determined usingWestern blot analysis. The relative mTOR expression levels were norma
results were averaged. (B) Northern blot analysis of initiator tRNAMet (iMet) degradation
loaded and blotted. iMet and 5S rRNA were detected using speciﬁc probes. (C) Degradati
treated; square, siTOR-treated. The degradation of iMet was normalized to 5S rRNA levels
experiments.we showed that Xrn2 is normally localized primarily in the nuclear
regions not stained by DAPI, which likely represent nucleoli [14].
Upon heat stress, Xrn2 disperses into the nucleoplasm [14].
In this study, we performed immunocytochemistry to deter-
mine whether Xrn2 and the nucleolar protein nucleolin are colo-
calized under conditions of heat stress. Although nucleolin
diffuses from the nucleolus to the nucleoplasm under heat stress
[17], it localizes in the nucleolus in non-stressed cells. Wang
et al. reported that nucleolin rapidly diffuses within the nucleo-
plasm after 5–30 min of heat stress exposure and relocates to the
nucleolus after 90 min [18]. Although nucleolin diffused into the
nucleoplasm after 3 h of heat stress exposure, it was strongly and
speciﬁcally localized at the periphery of nuclei under conditions
of heat stress (Fig. 1A). Xrn2 was primarily localized to the nucleo-
lus, where it colocalized with nucleolin under normal conditions
(Fig. 1A and B). Exposure of the cells to heat stress resulted in rapid
diffusion of Xrn2 into the nucleoplasm; eventually, it was no
longer localized in the nucleolus (Fig. 1A and B). In our previous
study [14,19], we showed that iMet was distributed throughout
the nucleus including the nucleolus. Therefore, we speculate that
iMet interacts with Xrn2 that diffuses into the nucleoplasm under
conditions of heat stress.
3.3. mTOR regulates iMet degradation under heat stress conditions
In our previous study, we reported that rapamycin inhibited
the degradation of iMet under conditions of heat stress [14].of knockdown by non-targeting (siControl) or mTOR-speciﬁc (siTOR) siRNAs was
lized to the levels of a-tubulin. Two independent replicates were performed, and the
in cells treated with siControl or siTOR under heat stress. Total RNA (7.5 lg) was
on of iMet was measured in cells treated with siControl and siTOR. Circle, siControl-
. Data represent the mean ± standard error of the mean (S.E.M.) of three independent
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Therefore, we assessed whether knockdown of mTOR suppresses
or enhances the degradation of iMet. mTOR protein levels were
measured in HeLa cells treated with siTOR by Western blotting
(Fig. 2A). Two independent replicates were performed and aver-
aged. siTOR decreased the expression of mTOR to 6% of that
observed in the siControl-treated cells.
Next, we performed a northern blot analysis to assess the deg-
radation of iMet in mTOR-silenced cells exposed to heat stress. As
shown in Fig. 2B and C, the degradation of iMet was suppressed in
mTOR-silenced cells under conditions of heat stress. The degrada-
tion pattern of iMet in mTOR-silenced cells was similar to that
observed in Xrn2-silenced cells, as reported previously [14]. In
our previous study, we showed that Xrn2 is the primary nuclease
responsible for the degradation of iMet under conditions of heat
stress [14]. These results indicate that the ribonucleolytic activity
of Xrn2 is suppressed by mTOR knockdown, suggesting that mTOR
contributes to the regulation of Xrn2 activity.
3.4. Xrn2 protein expression is affected by mTOR under conditions of
heat stress
The mechanism underlying the mTOR knockdown-induced sup-
pression of iMet degradation is unclear. We speculated that mTOR
knockdown may induce a decrease in Xrn2 protein expression lev-
els during heat stress. Therefore, we used Western blot analysis to
assess Xrn2 protein levels in mTOR-silenced cells under heat stress.Fig. 3. Levels of Xrn2 protein in mTOR-silenced cells. (A) After HeLa cells were transfecte
for a further 48 h. Xrn2 protein levels were analyzed by Western blot. Xrn2 protein leve
loading control. Data represent the mean ± S.E.M. of three independent experiments. (
analyzed by Western blot analysis. a-Tubulin was used as a control. (C) Relative Xrn2 pr
expression of Xrn2 was normalized to that of a-tubulin. Data represent the mean ± S
Student’s t-test by comparing siControl with siTOR.Prior to application of heat, Xrn2 protein levels were not affected
by mTOR knockdown (Fig. 3A), suggesting that Xrn2 protein
expression is not regulated by mTOR under normal conditions.
After the temperature shift, Xrn2 protein levels in cells treated
with siControl remained unaltered (Fig. 3B and C). In contrast, heat
stress decreased Xrn2 protein levels in cells treated with siTOR
(Fig. 3B and C). The suppression of iMet degradation seems to be
one of the reasons for the Xrn2 protein decrease in mTOR-silenced
cells under heat stress.
3.5. mTOR controls the diffusion of Xrn2 into the nucleoplasm under
conditions of heat stress
Heat stress induced diffusion of Xrn2 to the nucleoplasm
(Fig. 1), which appeared to facilitate the iMet–Xrn2 interaction
and iMet degradation. We hypothesized that the inhibition of heat
stress-induced iMet degradation in mTOR-silenced cells (Fig. 2B
and C) resulted from inhibition of the diffusion of Xrn2 to the
nucleoplasm. To determine whether the diffusion of Xrn2 into
the nucleoplasm is inhibited by siTOR treatment, we performed
immunocytochemistry (Fig. 4). The diffusion pattern of Xrn2 and
nucleolin in siControl-treated cells was similar to that observed
in the absence of siRNA treatment (Figs. 1 and 4A). In contrast,
Xrn2 was more predominantly localized to the nucleolus in
siTOR-treated cells under heat stress compared with siControl-
treated cells (Fig. 4A and B). In addition, nucleolin was localized
in the nucleolus of siTOR-treated cells under heat stress (Fig. 4B).d for 24 h, fresh medium containing 10% FBS was added, and the cells were cultured
ls in cells treated with siControl or siTOR were compared. a-Tubulin was used as a
B) Xrn2 protein levels in heat-stressed cells treated with siControl or siTOR were
otein levels in cells treated with siControl (ﬁlled circle) or siTOR (ﬁlled square). The
.E.M. of ﬁve independent experiments. ⁄⁄P < 0.01; P-values were calculated using
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the presence of rapamycin under heat stress (Supplementary
Fig. 2). These results suggest that the altered localization of Xrn2
under conditions of heat stress was regulated by mTOR. The results
shown in Figs. 2B, C, and 4 suggest that iMet degradation was sup-
pressed under conditions of heat stress in mTOR-silenced cells
because the interaction with Xrn2 was disrupted. Therefore, we
conclude that mTOR knockdown induced a decrease in Xrn2Fig. 4. Immunoﬂuorescence of Xrn2 in mTOR-silenced cells under heat stress. HeLa cells
Xrn2 in cells treated with siControl (A) or siTOR (B) was analyzed by immunocytochemis
distributed within the nucleus (yellow), or not localized in the nucleolus (blue). Two inde
analyzed > 200). Scale bar = 10 lm.protein levels and induced nucleoplasmic diffusion of Xrn2 under
conditions of heat stress, thereby suppressing the degradation of
iMet.
4. Discussion
Here, we showed that heat stress induced the diffusion of Xrn2
from the nucleolus to the nucleoplasm, leading to the interactiontransfected with siControl or siTOR were exposed to heat stress. The localization of
try. Proportion of total cells that had Xrn2 strongly localized in the nucleolus (pink),
pendent replicates were performed, and the results were averaged (number of cells
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the diffusion of Xrn2 into the nucleoplasm under conditions of heat
stress.
We showed that heat stress induced the diffusion of Xrn2, facil-
itating the degradation of iMet (Figs. 1, 2B and 4). Oxidative stress
reportedly alters the localization of RNases; Rny1 in yeast diffuses
from the vacuole to the cytoplasm [7] and ANG in mammalian cells
translocates from the nucleus to SGs [13]. Thus, Rny1 and ANG
interact with tRNAs by altering their localization, leading to their
degradation. Even if the synthesis of these nucleases is increased
after the exposure of cells to stress, the tRNAs are not rapidly
degraded by the nucleases, which have different localizations.
Therefore, the simple system of activating these nucleases by alter-
ing their localization was probably adopted as a stress response.
Heat stress induced the diffusion of Xrn2 into the nucleoplasm,
facilitating the degradation of iMet (Figs. 1, 2B and 4). However,
the mechanism of Xrn2 activation may not be explained by the dif-
fusion of Xrn2 into the nucleoplasm alone, because iMet is distrib-
uted throughout the nucleus including the nucleolus [14,15]. The
NetworKIN database (http://networkin.info/version_2_0/search.
php) predicts that multiple sites in Xrn2 are phosphorylated by a
stress-activated protein kinase. Xrn2 reportedly interacts with
eIF2AK, which phosphorylates the translation initiation factor
eIF2S1 [21]. In addition, the STRING database (http://string-db.
org/) shows that eIF2AK is related to mTOR through several pro-
tein–protein interactions. The content of these databases and work
conducted by Dorf and colleagues [21] suggest that heat stress
induces the modiﬁcation of amino acid(s) in Xrn2 through
enzyme(s) such as eIF2AK and stress-activated protein kinase,
and modiﬁed Xrn2 is activated.mTOR interacts with different part-
ner proteins to form at least two distinct signaling complexes, the
mTOR complex 1 (mTORC1) and mTORC2 [22]. Acute rapamycin
treatment inhibits the catalytic activity and signaling capacity of
mTORC1 but not mTORC2 [22,23]. Our current studies indicate that
the degradation of iMet is regulated by mTORC1 because rapamy-
cin inhibited the degradation of iMet and the nucleoplasmic diffu-
sion of Xrn2 under heat stress (Fig. 2B, C and Supplementary Fig. 2).
Currently, the major stress-induced translational suppression
mechanisms are categorized as follows: (I) phosphorylation of
eIF2a, (II) formation of SGs, (III) translational suppression by tiR-
NAs, and (IV) signaling through the mTOR pathway. Because eIF2a
is phosphorylated under stress, it fails to form a speciﬁc complex
with iMet, thereby inhibiting the translational initiation step of
protein biosynthesis [3]. Various stressors induce the formation
of SGs including the exonuclease Xrn1 that degrades mRNA and
promotes the accumulation of mRNAs into SGs [1,24,25]. Angioge-
nin induces 50-tiRNAs to inhibit translation by interfering with
several functions of eIF4G [10]. The mTOR signaling pathway,
including the eIF4E binding/inhibiting protein (4E-BP) and ribo-
somal protein S6 kinase 1 (S6K1), regulates the translation initia-
tion step in protein synthesis under stress conditions [26,27].
Under these conditions, the translation enhancer 4E-BP is phos-
phorylated by mTOR, inhibiting the assembly of the eIF4E/eIF4F
complex and blocking translation [28,29]. mTOR-phosphorylated
S6K1 in turn phosphorylates the ribosomal protein S6, the initia-
tion factor eIF4B, and the translation elongation factor eEF2 kinase,
inhibiting protein translation [30,31]. Our results suggest a transla-
tional-regulation mechanism throughmTOR-regulated iMet degra-
dation under conditions of heat stress.
Our ﬁndings, together with recent reports, indicate that the
stress-induced translational regulation mediated by tRNA degrada-
tion differs in the context of heat and oxidative stress in mamma-
lian cells. Thus, our current study contributes to the understanding
of the stress-response mechanism.Acknowledgment
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